Saturation of the zero-field electron spin transitions of a phosphorescent triplet state by a microwave field causes changes in the intensity and/or polarization of the emission and thus forms the basis for phosphorescence microwave double resonance (PMDR)t in excited triplet states. Because of the sensitivity of photon detection, the technique is capable of detecting as few as 10 4 molecules in a sample depending upon the details ofthe radiative channels being monitored. If phosphorescence is monitored from an exciton band, PMDR can be used to experimentally differentiate between diffusion limited exciton migration and migration describable by the group velocity of the wave packet of k states, i.e. coherent exciton migration. In the following paper the relationships between PMDR spectroscopy, coherent triplet exciton migration and density of states functions in molecular crystals will be illustrated for crystals which can be considered as models for one-dimensional excitons. In particular, a resonance theory will be outlined that incorporates explicitly exciton-phonon scattering into the Bloch equations and allows one to extract both the lifetime of a k state of the band and the coherence length of the exciton. PMDR experiments in 'one-dimensional' molecular crystals are presented which illustrate the salient features of the theory. The experimental results are interpreted using a statistical theory which explicitly includes the exciton band dispersion, the density of state function of band and trap states, and the group velocity of the exciton wave packets. From the above experiments, a coherence length between 300 and 10 4 A and a coherence lifetime of 10-7 s have been found for k states in the centre of the band for certain substituted benzene crystals at 4 K.
7 s have been found for k states in the centre of the band for certain substituted benzene crystals at 4 K.
Finally, some new PMDR methods for studying the coherent spin properties of mobile and non-mobile states based on optically detected electron spin echoes and echo trains in excited molecular states will be presented. Specifically, a technique will be presented that is capable of measuring any state of the coherence of the spin ensemble, regardless of the optical polarization of emission from the spin sublevels utilizing virtually all of the phosphorescence emission from excited states.
INTRODUCTION
In order to experimentally differentiale between coherent and diffusion limited triplet FrenkeP exciton migration in molecular crystals one must specify both the coherence time associated with the wave vector k and the correlation time associated with the particular experimental approach uscd. For experiments utilizing a time-rlependent oscillating field such as visible electromagnetic radiation at one extreme and a microwave field at the other. the experimental correlation time is in the order of the reciprocal frequency of the applied field. If the lifetime of an exciton k state is much Ionger than the experimental correlation time. excitons associated with individual k states may be experimentally investigated by the applied field. With this experimental imposition. it is clear why a complete description of the dynamics of exciton migration in the Frenkellimit which allows an experimental probe into the dynamics requires that the electronic states. the phonon states. and phonon--exciton coupling all be explicitly considered in terms of the crystal states. Indeed. it is the latter interaction that determines the primary mechanism responsible for electronic energy transfer in solids at both high and low temperatures and hence the nature ofthe experimental observables 2 · 3 . At low temperature the density of phonon states becomes sufficiently small that scattering betwecn the exciton wave vector states k by the phonons is expected to be much less frequent than the intermolecular exchange time.
In the Iimit that the time between scattering events approaches the radiative or radiationless lifetime of the excited electronic state, a Frenkel exciton can be thought of as an excitation propagating coherently as a wave packet at a velocity characteristic of both its energy and the linear combination of crystal k states which describe the wave packet. This velocity is termed the group velocity and is given by:
Fora one-dimensional crystal. (2) where r.(k) is the band dispersion associated with translational equivalent interactions along a direction a. E 0 is the electronic energy of the Iocalized molecular excited state while f3 is the effective intermolecular interaction in the nearest neighbour approximation. In a stochastic model the distancc which an exciton propagates in a coherent fashion without changing either its direction or velocity. l(k). is given by the lifetime of the coherent state. r( k). tim es the group velocity of the wavepacket : (3) l(k) is thus equivalent to a mean-free path and r(k) corresponds to a correlation time for the wave vector state kor linear combination of k states at an energy E;(k) associated with the zeroth order state. From a dynamical point of view the important feature of coherent migration is that excitons can propagate in the crystal at a variety of velocities and a variety of distances depending upon the k states populated. Figure 1 illustrates a few of the important features associated with coherent migration.
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2.
3.
PHOSPHORESCENCE MICROWAVE DOUBLE RESONANCE
Coherent properlies of excitons Coherence litetime, T (k), generotes a width to the state and a mean -free path for coherent energy migration
Distribution Function. D(k), determines the partition ot energy between states of different velocities
k stetes Figure 1 . Experimental observables associated with cohcrent migration When a thermal distribution characterizes the band. the number of excitons, N(k), propagating with a velocity, Vg(k), at a given temperature is proportional to the density of states p(e) times the Boltzmann factor.
In the absence of damping or elastic scattering between + k and -k states.
one can show that the wave vector states in the centre of the band can have velocities 10
6 -10 7 times those associated with random walk migration for bands having dispersions between 1 and 10 cm-1 and that the coherence length can approach macroscopic dimensions if phonon---exciton scattering is weak ( i.e. r(k) is long) and the excited states are long-lived ( e.g. triplet states). In practice this is only achieved in very pure crystals at low temperatures where the distribution ofphonon states approaches the low-temperature Iimit At intermediate temperatures the principallimitation of r(k) is inelastic phonon-exciton scattering. In such cases an exciton initially at an energy e(k) scatters to other energies e(k) via phonon interactions in a time short compared to the radiative or radiationless lifetime. but in a time long 75 compared to intermolecular exchange. As a result the coherence time is shortened. the mean-free path or coherence length is reduced. and the individual k states acquire a width F(k). given by the reciprocal ofthe coherence lifetime of the individual k states. r(k) is given by. (5) where Tkk' is the probability of an exciton initially in an energy associated with the kth state scattering via phonon--exciton interactions to a final energy associated with the state k'.
In summary. a proper description of the dynamics of exciton migration must include in addition to the stationary states of the crystal (a) the group velocities of excitons. (b) the population distribution over the k states of the band. and (c) the coherence times for the individual k states and hencc an explicit model for phonon-exciton scattering. This stochastic description views the exciton as executing a random walk migration in a time on the order of the coherence lifetime but allows for long-range propagation via coherent migration in between scattering events.
From an experimental point of view. this model requires that careful attention be given to the relationship between the correlation time associated with coherence and the time scale of the particular experimental approach being employed. If. for example. the experimental correlation time. which is on the order of the reciprocal of the radiation field. is much shorter than T(k) (as is the case for optical absorption). only manifestations of the coherent model are apparent from the data. Similarly. when the experimental correlation time is Ionger than T(k) for all k. only the random walk processes are displayed. A reliable measure of phenomena connecting coherent migration and diffusion limited migration. such as phonon--exciton scattering. Vg(k) and /(k). can only be determined when the experimental correlation time is on the order of T(k). lt is on this basis that electron spin resonance provides a direct probe into the dynamics of energy migration in triplet Frenkcl cxcitons
OPTICALLY DETECTED MAGNETIC RESONANCE IN COHERENT EXCITON STATES
In the absence of spin-orbit coupling the triplet band consists of three parallel spin-sublevel bands separated from one another by the zero-field electron spin dipolar interaction. This is illustrated in Fiqure 2a. In such a case. the microwave band-to-band electron spin transition (indicated by 10 -] ) is a single homogeneaus line whose frequency is independent of the energy of thc k states in the band. lt has been shown 4 • however. that selectivc spinorbit coupling between singlet bands and the individual triplet spin-sublevel bands results in a k dependence in the triplet exciton zero-field splitting as illustrated in Figure 2a . The net result isthat a k dependent Larmor frequency. w~. which can be explicitly incorporated into the magnetic Bloch equations. allows different states in the bandtobe probed by either conventional electron spin resonance techniques or by optically detected magnetic resonance in which the change in the exciton phosphorescence. hv ( Fiqure 2). is monitared as a function of the microwave frequency (U). The line shape function for thc 76
Triplet spin-sublevel bands (o) without spin-orbit coupling (b) wi th spin-orbit coupl ing Figure 2 . The magnetic spin sublevels in one-dimensional triplet bands band-to-band electron-spin transitions can be solved in two Iimits. The first. termed the strong scattering case, occurs when (w~ -w~}rkk' ~ 1 and yields a homogeneously narrowed line centred at k = ± rr/2a at high temperatures and corresponds to the random walk limit 5 . The second, when (wt -w~}rkk' ~ 1. corresponds to the coherent Iimit in which phonon-exciton scattering causes a change in the exciton states on a time (-rkk') slow compared to the differences in the Larmor frequencies (w~ -w~} In such cases the individual k states of the triplet band can be sampled by the rf field. Assuming phononexciton scattering to be uniform in k [ -r(k) is uniform in k], the electron spin resonance absorption. g (w) . is the sum of (2k + 1) independent Lorentz lines centred at wt and weighted by the number of excitons at energies t:(k) with a group velocity Vg(k). The width of each Lorentz line has a contribution from both a finite coherence lifetime -r(k) and the homogeneaus line with parameter T 2 (k). When a thermal distribution characterizes the tripletband nla g(w) = ~ r ~Jl[~~~~=-"-"-"-~a_l~!-dk Some specific features of equation 6 are that: (a) the Larmor frequencies are directly related to band energy insofar as a prescribed m~ couples the spin sublevels of an exciton whose energy is t:(k). (b) the intensity of the transition is directly related to the density of states function tim es a Boltzmann factor. Thus. both the distribution function over the k states and hence the bandwidth are experimentally obtained 6 . (c) The broadening function. 6. gives an estimate of the phonon-exciton scattering. and hence a measure of the coherence length. l(k). and insight into the mechanism of phonon-exciton scattering. (d) The overall width of the transition is determined by the spinorbit coupling parameter. L\~T, hence the selectivity of spin-orbit coupling to the triplet spin sublevels can be determined. (e) The microwave field selectivity perturbs the electron spin of excitons whose group velocity is Vg(k), and therefore, the k dependence of other processes such as the dynamics of trapping 7 • 8 , exciton-exciton annihilation, etc., can be potentially studied in the coherent Iimit. A few of these features are illustrated in Figure 3 . Assuming the coherence lifetime r(k) is the same for all states in the band. Figure 3a illustrates the line shape profile as a function of the bandwidth to temperature ratio, 4ß/T Curves (1), (2) and (3) in Figure 3a are associated with 4/)/Tequal to 0.25, 0.75 and 1.5, respectively. The dependence on the coherence lifetime, r(k), is illustrated in Figure 3b . Curves (1) . (2) and (3) are associated with r(k)-1 equal to 0.10, 0.18 and 0.26 times 4{J. All curves in Figure 3 assume a Boltzmann distribution in the triplet band.
Crystals in which the largest intermolecular exchange interaction is between translationally equivalent molecules can be considered models for one-dimensional crystals. The phosphorescence microwave double resonance results for the band-to-band transitions found in 1.2.4.5-tetrachlorobenzene are illustrated in Figures 4a and 4b . Details of these experiments have been reported earlier 6 . In the context of the above theoretical model. analysis of the data yields the following information about the lowest triplet exciton statc in this pseudo 'one-dimensional' crystal. First, the bandwidth is about 1.3 cm- 8 , however. which will not be presented here, a lower Iimit on the coherence length in these crystals for k = ± nj2a of 300 Ä-400 A has been determined.
In view of the importance of the exciton band-to-band line shape broadening function in the interpretation of properties associated with coherence energy migration in triplet excitons, it is desirable to have an experimental method capable of investigating the homogeneous character of the electron spin transitions. The homogeneous line width can be directly related to the lifetime of the states when other contributions to the line width. such as fluctuating local fields, are negligible compared to uncertainty broadening. 1t is also desirable to develop techniques which allow us to observe the dynamics of localized and delocalized excited states utilizing the sensitivity associated with phosphorescence microwave double resonance. Finally, the techniques should allow the full correlation function for the dynamical 79 In the remainder of this paper, a general technique of optically detecting phenomena in solids that contribute to the dephasing of the ensemble of electron spins in excited triplet states will be presented although specific application of these techniques to coherent energy migration will be deferred to another publication.
OPTICALLY DETECTED ELECTRON SPIN ECHOES AND ECHO TRAINS IN MOLECULAR EXCITED TRIPLET STATES
TripJet states in zero-fieJd can be viewed 12 in an interaction representation which removes the electron-spin zero-field Hamiltonian. In the rotating 80 frame a pseudomagnetization A1 z is related to individual spin-sublevel populations in the laboratory frame. Population in each of the two zero-field spin sublevels being coupled by the applied field are associated with 'magnetization' along +z and -z in the interaction representation.
respectively. When the time-rlependent density matrix describing the zerofield spins is displayed through the electric dipole transition moment responsible for phosphorescence, usually only changes in + and -components along the z axis in the interaction representation are related to a modulation of the phosphorescence intensity 12 . To overcome this Iimitation and optically detect phasing or dephasing phenomena, such as electron spin echoes 13 which occur in the x,y-plane, a rc/2 pulse can be applied at various tim es at the end of a normal pulse experiment 14 in order to restore population to the z axis and observe the resulting change in phosphorescence intensity. The net result is that spin echoes 13 , spin echo trains ..c.
r=1.1f.LS Figure 5 . Phosphoresccnce intensity when spin coherence is rephased in the echo (t) and when the spin ensemble is completely dephased (t + 2 JlS) intensity from the Y-trap of h 2 -TCB when the finalrc/2 pulse is applied at precisely the point where the echo is forming in time (r) and at a point where the electron spins are completely dephased (r + 2 JlS). Details of the experiments will be presented elsewhere 18 . The homogeneaus line width can he obtained by a plot of the Hahn echo 13 amplitude versus 2r. T 1 found for h 1 -TCB (Y-trap) was only 8 J.lS. The dephasing ofthe electron spins in this experiment is associated with a time corresponding to the fluctuations of local fields due to nuclear spins in the lattice on molecules adjacent to the excited state. In order to observe the dynamics ofphenomena correlated to the electron spins for times Ionger than a few microseconds. it is necessary to remove the contribution to the electron T 1 from nuclear spin flips in the bulk solid since these Iimit T 1 to nuclear spin diffusion times (microseconds). This is accomplished by the continuous application of a microwave field of sufficient strength to ensure that the resonant frequency in the rotating frame. y H 1 • is large compared to electron-nuclear coupling 17 . In such cases. the homogeneous T 1 of the 'decoupled' electron spins can be obtained by the optical detection of rotary spin echoes 17 . This is schematically illustrated in Figure 6 where the relationship of the rotating frame pseudomagnetization vector to the Iabaratory frame spin-sublevel population in the triplet state is depicted. A microwave H 1 field is continuously applied throughout the train; however, its phase is shifted by 180° at times r. 3r. Sr .... leading to thc resultant formation of echoes at times 2r, 4r, 6r ..... An advantage of rotary echoes particularly suited to optical detection is the fact that the echoes 82 form along z in the rotating frame, and thus their amplitudes are directly related to the zero-field spin-sublevel populations of the triplet state in the Iabaratory frame and hence to the phosphorescence intensity. In the echo train, the amplitude decays in the rotating frame with a decay constant T 2 P which can be a sensitive function ofT. Part of an optically detected rotary echo train illustrated in Figure 7 for the 3 nn* state of tetrachlorobenzene17. In our measurements in the above excited state. be -600 llS for a T = 1 J..lS. In addition, T 2 P was found to vary significantly with T, presumably because of energy migration between traps in these crystals 7 .
The importance of these techniques to the study of exciton migration. detrapping and other phenomena associated with molecular crystals is that they provide in principle a method of extracting the full correlation function for the dephasing of the electron spin ensemble. The correlation function is simply related to the Fourier transform of T 2 versus 2-r. Because different phenomena such as coherent versus incohefent migration, trapping and detrapping, dephase the electron spins with dramatically different correlation times, the contribution of each can be determined from the Fourier spectrum of the electron spin relaxation function.
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